A method for analysing the contribution of photovoltaics to a whole city is described. Maps are presented that compare net-metering of energy throughout a city. These maps provide a useful tool for renewable energy policy in urban areas. In the case of Auckland, suburbia can be a net energy provider to the city. Suburbia can produce electricity to charge all its electric vehicle travel needs. a r t i c l e i n f o 
Introduction
Cities utilise solar energy through passive means of heating and lighting buildings and active means by heating water. A further means, and one of significant growth (IEA, 2010) , has been the use of photovoltaics (PVs) to produce electricity by distributed generation (DG) from dispersed rooftops (IEA, 2002) . DG has all the advantages of renewable energy systems, such as reduced carbon emissions, offsetting dependence on the electricity grid and longterm energy security. However, it also has the potential advantages within a city of reducing peak electric demand (Kats and Seal, 2012) , contributing to transport energy (electric vehicles) (Ho and Byrd, 2011) and reducing transmission inefficiencies (IT Power Australia & Southern Perspective, 2009) where grid electricity generation is remote from a city.
This research is concerned not only with how individual buildings may gain from DG but, more importantly, how a city as a whole may benefit. In many countries a subsidised feed-in tariff (FiT) has been introduced which results in the DG of electricity being fed into the grid which can be considered as a 'virtual store' of energy. In this study we have not taken account of an FiT for two main reasons. First, there is no FiT in New Zealand and no indication that there ever will be, on the basis that it distorts the market. Second, FiTs in other countries will become unavailable over time, as subsidies are removed, leaving PV owners looking for the most effective way of using the electricity that was previously fed into the grid at a subsidised price. This study indicates a possible alternative use for DG energy.
This research investigates the maximum potential energy that can be made available by efficiently installing PV systems on buildings throughout a city, from the central business district (CBD) out to low density suburbs. The purpose of this is to evaluate the contribution that electricity from PVs can make to assist the reduction of a city's dependence on the electricity grid, supply the needs of a mixture of building types, reduce peak electricity demand and contribute towards the charging of EVs. This will have implications not only on the electrical distribution system of a city but also on urban form. Other research on this topic (Gosh et al., 2006) has studied the available solar energy on rooftops of differing residential developments and the contribution of PVs to domestic energy use, but has not related this source of energy to transport energy needs. Similarly, research on the potential of rooftops (Kellett, 2011; Kellett and Hamilton, 2009) in Australia has been investigated but not related to transport energy. The study does not address how rapidly this may occur or the impact of these technologies as they gradually penetrate the market. Instead, it looks at the idea of a city maximising the use of these technologies. From this, the interim stages leading up to full implementation can be 'backcasted' (Holmberg and Robèrt, 2000) . Backcasting involves visioning a future scenario and then identifying strategies to move from the present towards the vision.
As PVs and EVs become more cost-effective, the synergies of generator and storage system in these technologies will have an impact of not only reducing energy use by greater efficiency, but also reducing the impact of externalities caused by noise and air pollution since EVs are relatively silent in operation and produce virtually no air pollution. This research will show that the low density suburbs, with large roof areas and low daytime electricity demand, are capable of producing surplus electricity that, in the absence of an FiT, is most effectively used for charging EVs.
The results of this research completely reverse the argument for a 'compact city' based on transport energy use. The idea of a compact city being more energy efficient for transport use has been promoted for many years. Newman and Kenworthy (1989) produced important evidence that related decreased density of cities to increased petrol consumption. This has subsequently become enshrined in research and policy in many countries including the UK (Banister, 1999) , the US (Greene and Silverthorn, 2004) , Australia (Forster, 2006) and New Zealand (Witten et al., 2011) . However, while dense cities may be more efficient for petrol driven transport energy use, the research described in this paper demonstrates that a dispersed city is more efficient when EVs, charged by PVs, are the main means of transport. The solar mapping and 'net-metering' mapping proposed in this paper provide a basis for energy policy in urban areas where the emerging technologies of EVs, PVs and smart meters replace the fossil fuel technologies of the present and past.
Why consider 'solar potential'
The purpose of this paper is to quantify the full potential that DG by PVs may have on a city. To do this, a sample of the main building types of a city have been taken and reassembled into a representative cross-section of a city. The potential application of PVs for all the building types is investigated and then the electricity distribution is evaluated. This includes the use of electricity for the building itself or for charging EVs as well as feeding-in the electricity to the grid for sharing or peak load shaving (Electricity Commission, 2010) .
While the analysis of the data can be used for many cities, the city of Auckland in New Zealand has been selected as the case study. The city has several characteristics that make it of particular interest for a study of solar energy potential. Annual solar radiation levels in Auckland (1663 kW It is a city that has grown around a dependence on cars (Huang et al., 2010) and consequently has a dispersed urban form and a dependence on imported oil (Ho and Byrd, 2011) . Approximately half of New Zealand's energy consumption is imported oil of which about 80% is for domestic transport (MED, 2011) This makes the city very attractive for EVs to replace internal combustion engine vehicles (ICEVs). It is also a city where the buildings, both residential and commercial, increasingly rely on air-conditioning with a consequent increase in the summertime peak electricity load (Byrd and Segedin, 2010) . The suburbs are largely made up of detached, single-storey houses that have large roof areas suitable for PV installations (Ho and Byrd, 2011) .
However, New Zealand does not have a subsidised feed-in tariff (FiT), as exists in many other countries (Grinlinton, 2010) , and PV penetration into the market relies on commercial viability and competition for electricity price with the suppliers who obtain electricity from relatively large scale generators using hydro, geothermal, natural gas and coal (IT Power Australia & Southern Perspective, 2009 ). About 70% of New Zealand's electricity supply is from renewable energy resources (MED, 2011) . Of this 70%, about 2/3rds is produced by hydro and about 1/20th from wind with an insignificant amount produced by solar PVs. Although this has the advantages of low carbon production it also makes the electricity supply vulnerable to the vagaries of the weather. A dry year, such as 2012, has significant consequences on the price of electricity (Evans, 2012) . Distributed generation of electricity by PVs offers another source of clean energy that can supplement, albeit in the daytime only, other sources of electricity and increase energy security.
New Zealand is also vulnerable to climate change. With over 65% of electricity generated by hydro (Electricity Authority, 2011), there are longer term issues to be considered such as the competition for water between electricity generation on one hand and irrigation of farm land on the other. Furthermore, the main hydro areas of New Zealand lie at the bottom end of the South Island while the main consumer, the city of Auckland, lies towards the top of the North Island, a distance of about 1500 km. It has been estimated that distribution losses between these generators and consumers can be in the order of 30% (Birss, 2006) . Distributed generation, at the point of use, overcomes these transmission losses.
The typical cross-section of the city
Taking Auckland as the case study, typical sections of the city were selected as representing common building types within the urban context. The representative areas were taken from established 'meshblocks' (Statistic New Zealand, 2012) within the city. Meshblocks are geographical areas which form the basis of census data. The analysis started from meshblocks in the CBD, typified by tall commercial buildings, hotels and apartments, and then moving out through the light industrial, low rise commercial and large retail towards suburbia. Suburbia consists of house types that range from densities of 125 dwelling/ha near the city centre to about 14 dwelling/ha on the periphery of the city. These are illustrated in Fig. 1 . The total floor area of the sample size is about one-third of a million square meters of a range of different building types and uses.
Analysing PV energy supply
PV energy supply can be calculated by the product of the area of the PV array, the efficiency of the PV and inverter system, the efficiency due to the orientation and tilt of the array and the solar intensity data available for Auckland (Lilley et al., 2005) . For all the building types annual energy supply was calculated based on an overall PV system efficiency of 12%. This figure is based on losses due to dirt on the collector, wiring losses, inverter losses, annual temperature variations and the photovoltaic conversion efficiency (California Energy Commission, 2001) .
In considering the potential locations for PVs on the representative buildings, it was assumed that only the most efficient orientation and tilts should be considered. For the purposes of this study, it was assumed that all arrays were static (nontracking) and that they faced the most efficient direction for annual solar collection for the given location. Fig. 2 illustrates the efficiency of solar collection related to tilt and orientation of panel for Auckland (Wong and Byrd, 2011) and is based on long-term weather data (Lilley et al., 2005) . Only elements of buildings, (roofs or facades) with an efficiency range of 95% or greater were considered for the installation of PVs. This target is a balance between ensuring that the installation is economically viable while allowing considerable flexibility in orientation and tilt. As a rule of thumb, a PV system operating at 95% efficiency, due to its directional properties, allows tilts of anywhere between horizontal to 45 degrees and orientations of between northeast to west. Since efficiency of electricity production is not only related to the positioning of the PVs but also the time of electricity demand, there are no precise optimum orientation or tilt angles. For example, an electricity demand in the afternoon may result in an optimum angle of PVs in a westerly direction (Ho and Byrd, 2011) .
Tall buildings
This criterion of 95% efficiency eliminates the use of PVs on vertical surfaces, which has significant implications for tall buildings. Fig. 3 illustrates the annual average solar radiation (calculated using Ecotect software) on the sample of buildings taken in the city centre. The colour gradient indicates that the solar energy available of the vertical surfaces is less than half that on the roofs.
For the purposes of this study, the use of PVs on vertical surfaces of tall buildings has been discounted for other reasons as well as efficiency. First, PVs can reduce the amount of daylight (passive solar energy in the visible spectrum) entering tall buildings. The value of daylight for displacing electric lighting is far greater than the electricity provided by the PVs. Second, while PVs could be used as integral shading devices to reduce cooling load, the ability to implement this in Auckland is limited by the proximity of facades to plot boundaries (Byrd, 2012) . Floor area is built to the boundary in order to maximise rental that, in turn, has a higher value than the energy required for excessive cooling loads. Third, without solar access rights in urban areas, there is no security of electricity production in the event of a new development overshadowing existing PV installations (Kellett, 2011) .
Residential and commercial buildings
On all residential buildings, including high rise developments, it was assumed that solar panels for hot water would take priority over PVs on roofs, since the thermal conversion in these panels is significantly more efficient and cost effective than PVs. PVs on flat roofs were assumed to be tilted to 10 degrees toward the optimum orientation so that their efficiency could be maintained by selfcleaning from the rain. Significant obstacles on roofs, such as plant rooms and safe working areas that are prevalent on apartments, were taken into account and the area of potential PVs reduced accordingly.
For low rise housing, the complexity of roof forms was taken into account by analysing not only the orientation and tilt but also the ability to install a rectilinear array based on a standard module size of 800 Â 1600 mm. This analysis produced accurate areas of PVs that could efficiently produce electricity for different house types. From the sample of houses (Fig. 1) , and the use of the protractor (Fig. 2) it was possible to relate typical residential roof forms to their capacity for efficient PV installation and, hence, electricity production (Fig. 4) .
The commercial buildings away from the city centre were typically low rise with a large roof area to floor area ratio. Large span industrial sheds are frequently used for light industry, office, retail or shopping centres. These roofs have significant potential for implementing PVs. However, the energy consumed by the different uses under the roofs varied considerably and impacted on whether the net energy from the PVs could be fed into the grid or not. This is discussed further below.
Analysing the energy use of the buildings
In order to analyse the potential use of the PV energy supply, the electricity demand of all the building types was analysed both annually and on a daily basis. This assists in establishing how much PV electricity a building will consume itself and how much excess it may produce at certain times of the day for either storing or returning to the grid system.
The energy used by the buildings was based on energy benchmarks of building types taken from several sources. There are various sources of energy use benchmarks for different buildings in New Zealand including the Property Council of New Zealand (2000), Isaacs (1993) , EECA (2012), and BRANZ (2010). The sample of buildings ( Fig. 1) was analysed according to the energy benchmark categories measured in kW h/m 2 /year. This was then compared with the potential electricity generated by PVs on the same buildings, also measured in kW h/m 2 /year. This is illustrated in Fig. 5 which indicates the relative energy generation and consumption in the bar charts under the corresponding building types across the city. The chart indicates energy consumed and generated by the different built forms across the city. When energy generated (bar chart below the origin line) is greater than consumption (bars above the origin), the building type has a net surplus of energy. The diagram illustrates that suburbia has a net surplus while the CBD has a significant deficit. It is important to note that the energy consumption indicated is for daytime only as this is the time when PVs can directly contribute. Fig. 6 illustrates the relative energy consumption and generation by the different building types. In this figure, both the 'total' (day and night) as well as 'day-time' only energy consumption is indicated.
Matching energy generation by PVs to energy consumption
Only in the case of 'detached dwellings' is the PV generation potential greater than the total energy use. It should be noted that the total energy consumption for dwellings assumes that solar hot water heating has been installed which reduces the total household energy consumption by around 20%. Without solar hot water heating, PV energy would not exceed total household energy.
The reason that PV energy on 'attached dwellings' is so low is that this category contains multi-storey house types with low roof: Floor area ratios. In the extreme case of apartments, the roofs can only just accommodate solar hot water panels with no space left for PVs.
The 'offices' category is dominated by tall buildings which have little roof space available after roof mounted plant rooms and safe working areas are excluded. 'Light industrial' has both a large PV potential as well as large daytime energy consumption. However, it illustrates a significant potential for PVs on these building types to reduce their daytime energy and the possibility of exporting surplus electricity at weekends.
The overall implication from these results is that 'detached dwellings' can contribute surplus energy to the city during the daytime. In Auckland, 'detached dwellings' have typical densities of between 14 and 30 households per hectare: Suburbia. 
Extrapolating the results of the sample to the whole city
The results from the sample 'section' through the city can be translated across the whole city by observing the different building types and their prevalence within different areas. Maps can be drawn up that show both the PV generation potential (without taking account of consumption) and the potential after a building's energy consumption is taken into account (net metering). Fig. 7 indicates the PV solar generation potential by building type across the city. As expected, the large roof area: floor area ratios of dwellings in suburbia have the greatest potential, supplying about 10 times the amount of energy (kW h/m 2 floor area/ year) than the typical CBD buildings. This makes them a valuable source of energy in the future that has been well argued by Kellett (2011) in his article 'More than a roof over our head'. Fig. 8 takes account of the daytime energy consumed by buildings under the PV systems accounted for in Fig. 7 . For all intents and purposes, the figure is a 'net-metering' map and indicates which parts of the city contribute (net surplus) and which parts are net consumers. Again, low density suburbia holds the key to contributing to the city, while the high density areas are the major consumers.
Optimising the energy surplus from the suburbs
The surplus energy produced during the daytime occurs because of the relatively low electricity demand from households and large roof areas. Fig. 9 illustrates the demand of a typical household in Auckland and the energy supplied by a 3.5 kWp PV array.
The graph illustrates the energy generated as well as household electricity use for both summer and winter. There are various choices that a householder can make if they have a smart meter.
1. All the generated electricity can be fed into the grid. This may be appropriate when there is a subsidised FiT.
2. The household electricity demand could be first satisfied before feeding surplus to the grid. Lifestyle patterns may be changed to optimise the use of this generated electricity by altering the operating times of appliances. 3. The surplus could be stored in batteries, whether fixed or contained in an electric vehicle. This could then be used for travel or feeding to the grid at an optimum time.
For the purposes of this research, where no feed-in tariff is considered, a combination of options 2 and 3 have been selected for further analysis. The choice between whether to charge an electric vehicle or to use the electricity for household appliances will depend on several factors including the travel patterns (distance and time of day) and electricity tariffs over a 24 h period.
Electric vehicle energy consumption in Auckland
The amount of electricity required to charge an EV in Auckland's suburbs is described in Ho and Byrd (2011) and is based on detailed information on travel patterns included in a report by Abley et al., (2008) ; the 'National Travel Profile'. This research was commissioned by NZ Transport Agency and is an evaluation of the extensive continuous survey information collected by the New Zealand Household Travel Survey from 2003 to 2006. For the research in this paper, the travel distance is based on the furthest suburb from the city (Fig. 1 ) and amounts to 40 km per day. This is converted to electrical energy used by the vehicle based on the assumptions in Fig. 8 . Net-metering potential due to solar energy (kW h/m 2 floor area/year). Lighter colour indicates a net contribution to the city. Dark colour a net deficit. Fig. 9 . Typical household daily energy consumption and generation (3.5 kWp array). Shaded area indicates possible EV charging scenarios. Dukes et al. (2009) paper; 'The Feasibility of Long Range Battery Electric Cars in New Zealand'. There are two assumptions built into Fig. 9 . The first is that the pattern of driving EVs will be the same as ICEVs are at present. This is likely to be a significant overestimate since driving patterns and habits are likely to change due to 'range anxiety' and also the feedback from EV-driver interfaces that warn of excessive consumption. The second assumption is that EVs will be available to be charged in the middle of the day. The argument against such an assumption is based on the tendency to project existing life patterns on to the future and that cars may be at home during the day, goes against the grain of the current pattern of commuting habits. This pattern of travel may well continue for some people, but for others, the future has other opportunities of travel. First, commuting to work is only a relatively small part of vehicle travel in Auckland. According to The National Travel Profile (Abley et al., 2008) , 'work to main job' travel is only 22% of a 'vehicle driver's mean travel distance in major urban areas'. The remaining 78% is for recreation, shopping, social visits, education and other activities that frequently happen outside peak PV generating times, which means that cars can be at home during the day if provided other opportunities for work commute.
This could be accommodated by the likely increase in the use of public transport or car-pooling, both of which allow a vehicle to remain charging at home. Indeed, the increased value of charging from home during the daytime may well encourage the use of public transport for commuting.
The options and choices of fully or partially charging an EV by PVs or by the grid at different times of the day or night is an area of study that is required once EVs begin to have market penetration.
Impact of PVs and EVs on urban policy
A study by IT Power Australia & Southern Perspective (2009) for the New Zealand Ministry of Economic Development, forecast that PV generated electricity will fall in price, while grid based electricity will rise. 'Grid parity' was predicted to arrive in the early 2020s and thereafter PV generated electricity would be more economical. This is about the same time that the New Zealand Electricity Commission (Smith, 2009) predicted that EVs would exponentially penetrate the market. With PVs as a means of generating electricity cheaper than the grid and no incentive to feed it into the grid, the logical choice is to use the electricity for both household use and for transport. The future of Auckland's transport, as with many other cities, will be linked to the emerging technologies of PVs, EVs, the smart meter and the synergies of these technologies.
While conventional theory on urban form and transport energy suggests that an intensive urban form may be more energy efficient (Newman and Kenworthy, 1989) , in terms of transport energy use for ICEVs, what will be the optimum urban form for a city using smart technologies? To compare the energy consumed by EVs with the energy supplied by PVs and the relationship of this with urban density, the three factors involved; travel energy consumption; solar energy generation; and urban density are juxtaposed to illustrate the impact they have on each other. Fig. 10 illustrates a comparison of the energy used for travel, by both EVs and ICEVs, from the different residential areas with different densities and distance from the city. This graph simply endorses the compact city argument, although EVs use significantly less energy than ICEVs in urban areas by a factor of about four. The main reasons for this are that EVs do not consume energy when stationary (at traffic lights or in a traffic jam) and that the electric motor is significantly more efficient than an internal combustion engine (IEA, 2009) . Fig. 11 illustrates the full potential of PV energy in the same sample. It should be noted that, for all residential sites, this study assumed that solar hot water heating would take preference to PVs and 4 m 2 of efficient roof area per household was dedicated to solar hot water panels (3 m 2 per household for apartments due to limited roof area). For high-rise residential buildings with low roof: floor area ratios, this resulted in no space being available for PVs. Assuming all the residential sites in the sample (Fig. 1) utilize their full solar potential, the energy generated could be sufficient to provide all their daily EV travel energy consumption. Deducting the energy required to charge EVs (Fig. 10 ) from the energy obtained from PVs (Fig. 11) , the net energy surplus or deficit can be compared with residential net density. Fig. 12 illustrates the relationship between energy and density for the different selected sites. The energy is measured in MJ of petrol equivalent against person per hectare so that it can be directly compared with the graph by Newman and Kenworthy (1989) . The central curve illustrates Newman and Kenworthy's results for different cities (inter-cities). The upper curve is the ICEV consumption in this case study of Auckland (intra-city). The energy/density curve in Auckland follows a similar curve to that of Newman and Kenworthy and confirms that a compact city is more energy efficient when the main forms of transport run on petrol.
However, when EVs powered by PV are included, adequate energy for transport and also a surplus is available for the three lower density sites. The curve in negative values indicates the surplus energy for the sites in accordance to their density level. Interestingly, this curve resembles a mirror image of the graph by Newman and Kenworthy, which suggests a reversal of the conventional theory on the relationship between density and travel energy consumption where, in the case of EV powered by PV generation, an inverse relationship can occur between travel energy consumption and density.
This has further implications for energy policy since EVs provide electricity storage that could either be used to feed the grid, for example at times of peak demand, or the house at appropriate times.
Conclusions
A method of measuring and mapping the solar energy potential of a city has been described. This has been applied to the example of Auckland, New Zealand, and the full solar potential has been studied on the basis that any interim development in market penetration of PVs can be 'backcasted'.
The mapping indicates that lower density housing in suburbia has the greatest capacity for collecting solar energy and also the greatest surplus after its own energy uses have been taken into account (net-metering). The study has assumed that there is no subsidised feed-in tariff since this does not exist in New Zealand and is likely to be phased out internationally.
Without an FiT, surplus electricity generated by PVs has significant potential to charge EVs and, in New Zealand, the predicted future economic viability of PV coincides with that of EV. If PVs were to be used to charge EVs, as well as offset daytime household electricity use, there would still be a surplus of electricity even assuming current travel patterns persist.
This will have implications on the policies of both urban form and energy. Conventional theory on urban form and transport energy suggests that an intensive urban form may be more energy efficient, in terms of transport energy use, for vehicles using fossil fuels with internal combustion engines. However, in the foreseeable future, distributed generation by PVs could become commonplace and suburbia will have a renewed role as a collector of energy for transport. Through the implementation of smart technologies, suburbia could transform to an energy contributor not only for its own transport needs but also to the city as a whole. If this is to be effective, controls of new suburban development may be needed that require the installation of PVs on roofs along with smart meters and appropriate charging facilities for vehicles. EVs then offer the opportunity to store electricity for other uses such as feeding in to the grid to reduce peak demand or feeding the house to either offset the grid electricity supply or replace the grid supply.
